Abstract Cellular polyamines of 44 newly validated eubacterial thermophiles growing at 45-80℃, belonging to eight orders (six phyla) of the domain Bacteria, were analyzed by HPLC and GC. A quaternary branched penta-amine, N 4 -bis(aminopropyl)norspermidine, was found in Hydrogenivirga and Sulfurihydrogenibium belonging to the order of Aquificales.
Introduction
Various extremely thermophilic eubacteria grown at 65-80℃ and moderately thermophilic eubacteria grown at 45-65℃ distribute as divers phyla or orders of the domain Bacteria 2, 3, 15) . Many hyperthermophiles grown at 80-100℃ have been isolated in archaebacteria (the domain Archaea) and a few of hyperthermophile have been published in eubacteria 15, 16) . However, the degree of thermophily is roughly estimated and not defined exactly. The cellular occurrence of long linear and/or branched polyamines in extremely thermophilic (or hyperthermophilic) eubacteria suggested that the extreme thermophiles (or hyperthermophiles) may have some novel polyamine synthetic abilities possibly associated with their thermophily 8-11, 13-15, 18, 23, 24) . These long and branched polyamines are important to stabilize the cellular nucleic acid structure of extreme thermophiles under extremely high thermal environments 15, 38) and have never been found to our knowledge, in eubacterial moderate thermophiles.
Additional distribution catalogues of long-linear and branched polyamines in 44 newly validated thermophiles distributed in the eight eubacterial orders (belonging to six phyla): Aquificales (the phylum Aquifica), Thermotogales (the phylum Thermotogae), Anaerolineales (the phylum Chloroflexi), Thermales (the phylum Deinococcus-Thermus), Thermoanaerobacteriales (the phylum Firmicutes), Bacillales (the phylum Firmicutes), Clostridiales (the phylum Firmicutes), and Desulfovibrionales (the class Deltaproteobacteria of the phylum Proteobacteria), were presented here to highlight their significance for thermophily and their usefulness for chemotaxonomy within eubacterial thermophiles. Temperature-dependent syntheses of long polyamines were determined in several thermophiles.
Materials and Methods
New eubacteria were supplied by JCM (Japan Collection of Microorganisms, RIKEN, Wako, Saitama, Japan), NBRC (Biological Resource Center, National Institute of Technology and Evaluation, Kisarazu, Chiba, Japan), IAM (Institute of Molecular and Cellular Biosciences, The University of Tokyo, Tokyo, Japan) and ATCC (American Type Culture Collection, Manassas, Virginia, USA) and cultivated in the liquid media designated by the culture collections under aerobic or anaerobic condition. The medium pH and culture temperature used for optimum growth and different maximum culture temperatures in some thermophiles are given in Table 1 . The organisms in the stationary phase were harvested by centrifugation. The pellets of these organisms were washed with 0.8% NaCl and then homogenized in equal volumes of cold 1M perchloric acid (PCA) (HClO 4 ). The whole PCA extract was subjected to a Dowex-50W column to concentrate polyamines 7, 18) . The concentrated polyamine fraction was analyzed by highperformance liquid chromatography (HPLC) on a column of cation-exchange resin in a Hitachi L-6000 high speed liquid chromatograph 7, 18) . The polyamine fraction was further purified on a column of Whatman CM23 7, 21) . Gas chromatography (GC) was performed after heptafluorobutyrization of the purified polyamine samples 19, 33) . Polyamines were identified by gas chromatography-mass spectometry (GC-mass) 33) . High temperature dependent productions of long polyamines were demonstrated in Fig. 3 .
Results and discussion
Phylum Aquificae Order Aquificales Hydrogenivirga caldilitoris 31) grown at 70℃, belonging to the family Aquificaceae and Sulfurihydrogenibium yellowstonense 32) grown at 70 ℃ , belonging to the family Hydrogenothermaceae, contained spermidine (and norspermidine) and a quaternary branched penta-amine, N 4 -bis(aminopropyl)norspermine (Table 1) . These polyamine profiles were identical to those found in other extremely thermophilic genera, Aquifex, Thermocrinis, Hydrogenobaculum and Hydrogenobacter, belonging to the family Aquficaceae and Persephonella and Hydrogenothermus belonging to the family Hydrogenothermaceae 22) . Sulfurihydrogenibium sp. and Hydrogenobacter sp., newly analyzed, also contained the branched penta-amine (Table 1) .
In the third family Desulfurobacteriaceae of this order, the occurrence of N 4 -bis(aminopropyl)norspermidine has been reported in a Balnearium species and two Thermovibrio species 23) . Upon reanalyzing the three in the present study, the occurrence of the branched penta-amine should be corrected to the occurrence of another quaternary branched penta-amine, N 4 -bis(aminopropyl)spermidine ( Fig. 1) ( Table 1 ). The new species of Thermovibrio, T. guarymasencis 28) , and the two species of the new genus Desulfurobacterium, D. pacificum and D. crinifex 1, 28) , contained N 4 -bis(aminopropyl)spermidine ( Fig. 1 ) ( Table 1 ). The two branched penta-amines were identified completely by HPLC, as shown in Fig. 1 . Since N 4 -bis(aminopropyl)spermidine is produced from spermidine and N 4 -bis(aminopropyl)norspermidine is produced from norspermidine, it is dependent on the synthetic ability of spermidine and/or norspermidine. In fact, the two branched penta-amines were found in some Hydrogenobacter and Hydrogenobaculum species 23) . Fig. 1 . HPLC analyses ( A ) and GC analyses ( B ) of the concentrated polyamine fraction from Caldoalkalibacillus thermarum (JCM 13486) grown at 60℃. HPLC analyses of authentic 3(3)(3)4 ( C ), authentic 3(3)(3)3 ( D ), the PCA extract from Desulfurobacterium pacificum (JCM 12127) grown at 75℃ ( E ), the PCA extract plus 3(3)(3)3 ( F ) the PCA extract from Thermovibrio ammonificans (JCM 12110) grown at 75℃ ( G ), the PCA extract plus 3(3)(3)3 ( H ), the PCA extract from Desulfothermus okinawensis (JCM 13304) ( I ) grown at 55℃ and the PCA extract plus 3(3)(3)3 ( J ). Abbreviations for polyamines are given in Table 1 . During GC analyses, a quaternary penta-amine 3(3)(3)4 was converted to two tertiary tetra-amines 3(3)3 and 3(3)4. . (b*) The reidentification of the branched penta-amine showed that the contents of 3(3)(3)3 should be transferred into 3(3)(3)4 and the previous polyamine data on the three in (b) should be corrected. Recently, the cultures of IFO and IAM were transferred into NBRC and JCM, respectively. The plyamine datum of Hydrogenobacter thermophilus strain TK-G shown in this table was newly calculated from the previous analysis 15) . Phylum Thermotogae Order Thermotogales Caldopentamine was detected in two new moderate thermophiles, Marinitoga hydrogenitolerans 36) and Marinitoga okinawensis 34) , grown at 60℃ (Table 2 ). In addition to the present result, similar polyamine distribution profiles have been observed in other moderately thermophilic (grown at 55-65℃) Marinitoga, Petrotoga, and Thermotoga species of this order 23) . The cellular concentrations of the penta-amine and the hexa-amine, caldohexamine, in a extremely thermophilic species of Thermotoga, T. maritima, were demonstrated by the increase of culture temperatures between 60-80℃, as shown in Fig. 3 -A, according to our previous data 23) . There was a relative increase of the long polyamines markedly observed at 80℃ ( probably at 75℃ ). A new species of Fervidobacterium, F. changbaicum 5) grown at 80 ℃ contained caldopentamine.
F. islandicum grown at 70 ℃ contained two linear penta-amines 10) . Penta-amines were not detected in F. changbaicum grown at 70℃ as well as F. nodosum grown at 70℃ 10) . Branched penta-amines have never been found in this order.
Phylum Chloroflexi Orders Anaerolineales and Caldilineales
Two moderate thermophiles, Anaerolinea thermolimosa (grown at 50℃) 42) and Bellilinea caldifistulae (grown at 55℃) 41) belonging to the order Anaerolineales of the phylum Chloroflexi, analyzed here, contained spermidine and spermine (Table 2) , whereas Anaerolinea thermophila, grown at 55℃, contained norspermidine as the major polyamine and lacked triamines 24) . The two Anaerolinea species differ in their polyamine profiles. Mesophilic Longilinea arvoryzae, grown at 37℃ 41) , contained homospermidine.
Caldilinea aerophila, grown at 55℃, belonging to the order Caldilineales of this phylum, contained homospermidine alone as the major polyamine 24) , as cited in Table 2 . Within the order Chloroflexi of this phylum, Roseiflexus species grown at 50 ℃ contained putrescine and homospermidine and Chloroflexus species grown at 55℃ contained spermidine, homospermidine, and tetra-amines 24) . In this phylum, although the major triamine types and the occurrence of a tetra-amine (spermine) in the thermophiles (grown at 50-55℃) are conflicting, linear penta-amines and a hexa-amine were found in Thermomicrobium roseum, grown at 70℃, of the order Thermomicrobiales, however, Sphaerobacter thermophilus, grown at 55 ℃ , of the order Sphaerobacterales lacked long polyamines 24) . 
Polyamines (μmol/g wet wt. cell):
Abbreviations are shown in Table 1 . Abbreviations are shown in Table 1 .
Phylum Deinococcus-Thermus
Order Thermales In the present study, polyamines of the second species of moderately thermophilic Oceanithermus, O. desulfurans 29) , the nineth species of extremely thermophilic Thermus, T. kawarayensis 26) , and two strains of Thermus thermophilus ( strain HB8 and HB27 ) were analyzed. GC analyses of them are shown in Fig. 2 . Spermidine and spermine were detected in O. desulfurans grown at 60℃ as well as O. profundus grown at 60℃ 23) . T. kawarayensis grown at 70℃ contained various linear tetra-amines and penta-amines. T. thermophilus HB8 and T. thermophilus HB27, grown at 75℃ in the present study, were rich in N 4 -bis(aminopropyl)norspermidine and N 4 -bis(aminopropyl)spermidine (Table 3) thermophilus HB8 is shown in Fig. 3-C . The long and branched polyamines markedly increased at 75℃. In Thermales, a linear penta-amine was detected in Marinithermus species grown at 70 ℃ , linear panta-amines and linear hexa-amines were detected in Vulcanithermus species grown at 70 ℃ : however, branched panta-amines were not found in any of these thermophiles.
Long polyamines have never been detected within moderately thermophilic Meiothermus species growing at 55-60℃ 18) . Table 1 .
was prepared from our previous data 20) and our review 14) . bbreviations for polyamines are shown in Table 1 . 
Phylum Firmicutes
Order Thermoanaerobacteriales Thermodesulfobium narugense (grown at 50 ℃ ) 30) belonging to the family Thermodesulfobiaceae contained spermidine and sperm ne ( 23) .
lyamines of themophiles belonging to the orders Thermoanaerobacteriales and Bacillales of the phylum Firmicutes.
4) and Desulfovirgula thermocuniculi
(grown at 70 ℃ ) 25) , belonging to the family Thermoanaerobacteriaceae, contained spermidine, spermine, and N 4 -bis(aminopropyl)spermidine (Table 4) . One of two other Moorella species grown at 60℃, contained the branched enta-amine 9) . In the order Thermoanaerobacteriales, extremely thermophilic
Caldanaerobacter species grown at 65-75℃ contained the quaternary branched penta-amine. When the thermophiles of the three genera were cultivated at 55-60℃ , the branched polyamines were neglectable. The increases of linear and branched penta-amines at 75℃ are shown in Fig. 3-B Abbreviations are shown in Table 1 .
Phylum Firmicutes Order Bacillales
In our previous studies, several thermophiles belonging to the genera Bacillus, Alicyclobacillus, Geobacillus, Anoxybacillus and Ureibacillus grown at 60-65 ℃ contained spermidine and spermine 6, 23) . Bacillus schlegelii, Saccharococcus thermophilus, and some Bacillus species grown at 65-75℃ contained a few linear and branched panta-amines and exa-amines h s m an , p t the production of branched eir growth media.
disulfidoxidans) grown at 35℃, as cited in Table 4 . c seems to orrelate to a growth temperature of 70℃.
lass Deltaproteobacteria )
, u this order did not ontaine branched penta-amines 22) .
13) . Recently, new moderately thermophilic genera Vulcanibacillus grown at 45 ℃ (pH 7.0), Caldalkalibacillus grown at 60 ℃ (pH 8.5), Thermalkalibacillus grown at 50 ℃ (pH 8.2) and Thermobacillus grown at 55℃ (pH 9.0) were published 27, 39, 40, 43) .
A quaternary branched penta-amine, N 4 -bis(aminopropyl)spermidine was detected in moderately thermophilic, alkaliphilic Caldalkalibacillus thermarum, and Thermobacillus composti ( Fig. 1 and Table 4 ). The quaternary penta-amine was converted into two tertiary tetra-amines during GC analysis (Fig. 1) .
Vulcanibacillu odesticaldus d Thermalkalibacillus uzonensis as well as newly validated, moderately thermophilic
Geobacillus, Ureibacillus, and Aneurinibacillus species and moderately-thermophilic, acidophilic Alicyclobacillus species, analyzed in the present study, contained spermidine and spermine as the major polyamine.
Long-linear and branched polyamines were not detected in other Geobacillus species, G. thermodenitrificans grown at 65 ℃ , G. thermoglucosidasius grown at 60 ℃ , and G. thermoleovorans grown at 60 ℃ 23) . Spermine, a tetra-amine, was found in moderately thermophilic Anoxybacillus and Amphibacillus species grown at 40-60℃, as well as Bacillus thermocloacae grown at 60℃, B. flavothermus grown at 65℃ and B. pallidus grown at 60℃; however enta-amines were not found in these thermophiles 6) . Spermine was not found in mesophilic Bacillus, Virgibacillus, Brevibacillus, Paenibacillus, and Halobacillus species 6) . On the other hand, mesophilic Aneurinibacillus species as well as moderately thermophilic Aneurinibacillus species contained spermine (Table 4) . In this order, it is confirmed that the extreme thermophiles grown at 70-75℃ ubiquitously produce some linear and branched panta-amines and/or hexa-amines.
Within the moderately thermophilic genus of Bacillales growing at 55-65 ℃ , the branched penta-amine was selectively found in the alkaliphilic Caldalkalibacillus and Thermobacillus species cultivated at a pH of 8.5-9.0 but not detected in acidophilic (grown at pH 2.0-3.7) and neutrophilic (grown at pH 7.0-8.2) genera. These findings suggest tha panta-amines is dependent on the alkalinic conditions of When Alicyclobacillus acidiphilus, A. herbarius, and A. pomorum were cultured at 45℃, 55℃, and 65℃, the cellular concentrations of spermidine and spermine did not changed among the three cultures th 23) . When Alicyclobacillus acidocaldarius was cultured at 55℃ and 65℃, spermine level was remarkably greater at 65℃ 23) . It is suggested that the occurrence of spermine is essential for the thermophily at 65℃ within the order Bacillales. Spermine level of Sulfobacillus acidophilus grown at 45℃ was higher than that of Alicyclobacillus disulfidooxidans (formerly Sulfobacillus o
Phylum Firmicutes
Order Clostridiales Within the order Clostridiales, novel thermoaerobic Thermaerobacter species grown at 70℃, belonging to the family Syntrophomonadaceae, contained N 4 -bis(aminopropyl)spermidine as a major polyamine 23) . A new Thermaerobacter species 37) grown at 70 ℃ contained the quaternary branched penta-amine and agmatine, as shown in the present study (Table 5) . Caldicellulosiruptor species, grown at 70℃, contained the quaternary branched panta-amine 9, 11) . Since this branched panta-amine has not been detected in the moderately thermophilic Desulfotomaculum and Pelotomaculum species belonging to the family Peptoco caceae or Thermobrachium, belonging to the family Clostridiaceae, or Thermosyntropha and Thermoanaerovibrio belonging to the family Syntrophomonadaceae (grown at 55-60 ℃ ) 23) , the occurrence of this branched penta-amine c Phylum Proteobacteria ( C Order Desulfovibrionales In the phylum Proteobacteria, spermine, a tetra-amine, has been found only in some moderate thermophiles grown at 50-60 ℃ belonging to the classes Betaproteobacteria, Deltaproteobacteria, or Epsilonproteobacteria, suggesting that the occurrence of spermine correlates to their thermophily 22) . In the new two moderately thermophilic deltaproteobacteria, Desulfotherm s naphtha and Desulfothermus okinawensis 35) grown at 55-60 ℃ , contained N 4 -bis(aminopropyl)spermidine ( Fig. 1) (Table 5 ). This is the first report on the occurrence of branched penta-amine in the phlum Proteobacteria. Mesophilic nine Desulfovibrio species belonging to c Abbreviations are shown in Table 1 .
Long polyamines in six other eubacterial phyla including thermophiles: Actinobacteria In the phylum, quaternary branched polyamines were detected in Thermoleophylum species grown at 70℃, whereas long and branched polyamines were not found in Acidothermus species grown at 60℃ 6, 20) . When 1 mM norspermidine was supplemented into the culture of Thermoleophylum minutum synthesizing cellular spermidine and N 4 -bis(aminopropyl)spermidine, another quaternary branched penta-amine, N 4 -bis(aminopropyl) norspermidine, was newly produced 17, 18) . Nitrospirae A small amount of a linear penta-amine, homocaldopentamine, was found in Thermodesulfovibrio yellowstonii grown at 60℃ 18, 24) . Fibrobacter Penta-amines were not detected in Defferribacter abyssi grown at 60℃ 24) . Bacteroidetes Extremely thermophilic Rhodothermus marinus grown at 70℃, as well as moderately thermophilic Thermonema lapsum grown at 65℃, and Acetomicrobium flavidum grown at 60℃, phylogenetically belong to the phylum. R. marinus contained two penta-amines, thermopentamine and N 4 -bis(aminopropyl)spermidine and two linear hexa-amines 12) . A. flavidum contained the linear penta-amine, thermopentamine 6) .
T. lapsum was absent in the long polyamines 12) . Dictyoglomi Dictyogromus thermophilum grown at 73 ℃ was proposed as a single genus of the phylum and it has been reported that D. thermophilum contained the two long linear polyamines, caldopentamine and thermopentamine 10) . Thermodesulfobacteria Extreme thermophiles belonging to the phylum contained linear penta-amines as a major polyamine in addition to a branched penta-amine as a major polyamine 23) .
Long polyamine distributions within eubacterial thermophiles
Polyamine profiles of the eubacterial themophiles distributing within total 12 phyla, presented here and previously reported by us, are sunmmarized. At least one of the long polyamines were widespread ubiquitously within eubacterial extreme and hyper thermophiles. The distribution of linear panta-amines and hexa-amines, without branched polyamines, was found in the phylogeneticaly early branched phyla Thermotogae, Dictyoglomi, and Nitrospirae. Occurrences of quaternary branched penta-amines as the major polyamine, without long linear polyamines, were limited to the phyla Aquificae, as another phylogeneticaly early diverged group.
Linear and branched penta-amines were distributed in the extreme thermophiles belonging to the phylum Thermodesulfobacteria. The linear and branched long polyamine types were mixed, as a minor polyamine, in various extreme thermophiles belonging to the phyla Bacteroides, Actinobacteria and Deinococcus-Thermus, and the orders Thermoanaerobacteriales, Bacillales and Clostridiales of the phylum Firmicutes, located in delayed branching lineages. A branched penta-amine alone was found in the aerobic, extremely thermophilic genus, Thermaerobacter of the order Clostridiales and moderately thermophilic genus, Desulfothermus of the phylum Proteobacteria. Although enzymatic synthetic process of long linear and/or branched polyamines remains unknown, their distribution profiles seems to be correlated to phylogenetic evolution of eubacterial thermophiles under high temperature environments on the Earth. 
